We report the DNA sequence and in vivo transcription start of pdxB, which encodes a protein required for de novo biosynthesis of pyridoxine (vitamin B6). The DNA sequence confirms results from previous minicell experiments showing that pdxB encodes a 41-kilodalton polypeptide. RNase T2 mapping of in vivo transcripts and corroborating experiments with promoter expression vector pKK232-8 demonstrated that the pdxB promoter shares its -10 region with an overlapping, divergent promoter. Thus, pdxB must be the first gene in the complex pdxB-hisT operon. The steady-state transcription level from these divergent promoters, which probably occlude each other, is approximately equal in bacteria growing in rich medium at 37°C. The divergent transcript could encode a polypeptide whose amino-terminal domain is rich in proline and glutamine residues. Similarity searches of protein data bases revealed a significant number of amino acid matches between the pdrB gene product and D-3-phosphoglycerate dehydrogenase, which is encoded by serA and catalyzes the first step in the phosphorylated pathway of serine biosynthesis. FASTA and alignment score analyses indicated that PdxB and SerA are indeed homologs and share a common ancestor. The amino acid alignment between PdxB and SerA implies that PdxB is a 2-hydroxyacid dehydrogenase and suggests possible NAD+, substrate binding, and active sites of both enzymes. Furthermore, the fact that 4-hydroxythreonine, a probable intermediate in pyridoxine biosynthesis, is structurally related to serine strongly suggests that the pdxB gene product is erythronate-4-phosphate dehydrogenase. The homology between PdxB and SerA provides considerable support for Jensen's model of enzyme recruitment as the basis for the evolution of different biosynthetic pathways.
Two different models have been proposed for the evolution of bacterial genes that mediate the diverse pathways of intermediary metabolism. Horowitz's model of retrograde evolution suggests that the genes involved in each metabolic pathway arose by duplication of a single ancestral gene followed by divergence to form a reaction chain with overlapping specificities (28) . This stepwise, sequential evolution of new enzymes in reverse order allows the first enzyme in a pathway to carry a "memory of its origin," which would account for feedback inhibition. By contrast, Jensen proposed that substrate ambiguity is the basis of pathway evolution (29) . According to his model of gene recruitment, accumulation of minor amounts of erroneous enzymatic products favored gene duplications, which ultimately mutated and gave rise to fixed, evolutionary homologs encoding enzymes with different activities.
Recent molecular biological comparisons tend to support gene recruitment much more strongly than retrograde evolution. The incisive evolutionary analysis completed by Nichols and co-workers of the related genes that mediate the biosynthesis of anthranilate (o-aminobenzoate) and p-aminobenzoate strongly favors evolution by recruitment of enzymatic functions (23, 24, 30, 31) . In this case, trpE and pabB or trp(G)D and pabA arose from common ancestral genes, and p-aminobenzoate synthase (PabB-PabA) and anthranilate synthase (TrpE-TrpG domain) carry out related reactions on the same starting substrates, chorismate and glutamine. In addition, glutamine amidotransferases, such as TrpG and PabA, are members of a broader enzyme family that uses the amide group of glutamine in the biosynthesis of various compounds (48) .
More support for Jensen's model of gene recruitment comes from several other experimental systems. The common ancestry of the IlvI and IlvG isozymes suggests a transposition duplication followed by divergence (42) . The notion that gene products with related functions arose by recruitment of activity can explain the origin of the LysR family of activator proteins, which bind to DNA in response to different effectors (25) , the two-component regulatory systems, which respond to different environmental stimuli (36) , and the cryptic evolved ,3-galactosidase (ebg) genes (44) , which are functionally and evolutionarily related to lacI, lacY, and lacZ (45) . Moreover, the finding that two consecutive steps in methionine biosynthesis are catalyzed by enzymes (MetB and MetC) that share a common ancestor, which was originally interpreted to support retrograde evolution (7) , can be reinterpreted in terms of Jensen's recruitment model. Two consecutive steps in isoleucine biosynthesis are also catalyzed by enzymes (ThrC and IlvA) that might be homologous (38) . In addition, ThrC and IlvA may be evolutionarily related to DsdA, which is a catabolic deaminase for D-serine (38) . Finally, acquisition of novel pathways for the utilization of xylitol, 1,2-propanediol, or amides is consistent with recruitment of enzymatic functions and changes in metabolic regulation as bases for the evolution of new catabolic pathways (reviewed in reference 32).
Despite these advances, relatively little is known about the evolutionary processes that gave rise to biosynthetic pathways that use different starting substrates or produce different products. In this paper, we report that the pdxB gene product, which is required for de novo biosynthesis of pyridoxine (vitamin B6), is an evolutionary homolog of D-3-phosphoglycerate dehydrogenase, which is encoded by serA and catalyzes the first step in the major phosphorylated pathway of serine biosynthesis (43) . Pyridoxine is the pyridine-ringed precursor of pyridoxal phosphate (21) , a coenzyme essential to every branch of amino acid metabolism (8) . This homology implies that PdxB is a 2-hydroxyacid dehydrogenase, indicates possible NAD+ binding, substrate binding, and active sites of both enzymes, and predicts the substrate used by the PdxB enzyme. The results presented here also demonstrate that pdxB is the first gene in the complex pdxB-hisT operon and is transcribed from a divergent promoter. The evolutionary relationships between PdxB and SerA are considered in terms of Jensen's model, and they lend strong support to enzyme recruitment as the basis for the evolution of different biosynthetic pathways. Plasmids, bacterial strains, and media. Plasmid pNU93 was the source of the DNA used in this study (3) . The Escherichia coli K-12 chromosomal insert in plasmid pNU93 was originally from Clarke-Carbon plasmid pLC28-44 (35) . Subcloning fragments from pNU93 into M13 RFII vectors and plasmids pKK232-8 and pGEM-4Z was accomplished by standard techniques (4, 33) . When necessary, restriction fragments with noncompatible ends were filled in with Klenow enzyme (5' overhangs) or chewed back with T4 DNA polymerase (3' overhangs) to give blunt-ended fragments suitable for cloning (4) . M13 phage clones used in DNA sequencing and the HindIII-TaqI fragment subclone in pGEM-4Z, which was designated pNU200 and used as a template for RNA probes, are depicted in Fig. 1 . Derivatives of the promoter expression vector, pKK232-8, are listed and drawn in Fig. 4 .
MATERIALS AND METHODS
E. coli K-12 W3110 prototrophic strain NU426 (3) was used as the source of total RNA in transcript mapping experiments. Derivatives of plasmid pKK232-8 were contained in strain NU637 (E. coli K-12 W3110 srl::TnlO recAl). Plasmid pNU200 was propagated in strain JM109 [recAl endAl gyrA96 thi hsdRJ7 supE44 relAl A(lac proAB) (F' traD36 proAB+ lacIZAM15)] (47) .
Bacterial strains were grown in LB medium (18) Molecular biological methods. DNA sequences were determined by a modification of the Sanger method, which included 7-deaza-dGTP in elongation reaction mixes, and by a variation of the Sequenase kit reactions, which included dITP and single-stranded binding protein in reaction mixes, as described previously (15, 40) . The DNA sequence of each subcloned fragment was determined independently by both methods. DNA products from sequencing reactions were resolved on 80-cm 6% polyacrylamide gels containing TBE buffer, 8 M urea, and 20% (vol/vol) formamide (15, 40) . DNA sequences were analyzed by using the UWGCG (University of Wisconsin), PCGene (Intelligenetics, Inc., Mountain View, CA), and BIONET computer programs. Similarity searches of the GenBank and EMBL nucleotide and NBRF/ PIR and SWISS-PROT protein data bases were performed by using the FASTA program (39) on the BIONET system. Alignment score analysis (19, 22) was performed by using the PCGene PCOMPARE program.
RNase T2 mapping of in vivo transcripts was completed essentially as described previously (15, 40) . Total cellular RNA was prepared by a variation of the sodium dodecyl sulfate-hot phenol method and treated with DNase (RNase free). RNA probes corresponding to both DNA strands were synthesized by using SP6 or T7 RNA polymerase according to instructions provided with the Riboprobe Gemini system. Hybridization reactions and RNase T2 treatments were performed as described previously (16) , with the following changes: (i) 50 ,ug of total RNA and 250,000 cpm (Cerenkov) of RNA probe were used per hybridization reaction; (ii) hybridization reactions were incubated overnight at 50°C; and (iii) 300 p1l of an RNase T2 stock solution (120 U/ml) was added to each hybridization reaction. Protected segments of the probes were resolved on 40-cm gels as described above.
RESULTS
DNA sequence ofpdxB. Previously, we established that the pdxB biosynthetic gene is located in the same complex operon upstream from hisT, which encodes the important modification enzyme tRNA pseudouridine synthase I (Fig. 1)  (2, 3) . The pdxB-hisT operon contains at least three other unusual genes (Fig. 1) , including the following: asd'(usg-J), which is located between pdxB and hisT and encodes a polypeptide related to Streptococcus mutans aspartate semialdehyde dehydrogenase (1, 26) ; dsgl(dedA), which is immediately downstream from hisT (2, 37) and encodes an integral membrane protein (P. J. Arps and M. Winkler, unpublished data); and dedB, which is immediately downstream from dsg-J(dedA) (12, 37) and encodes a polypeptide that is evolutionarily related to certain chloroplast polypeptides (26) , contains a zinc finger DNA-binding motif (12) , is probably membrane associated (12), seems to act as a pleiotropic regulator (D. M. Connolly and M. Winkler, unpublished) , and may play a role in maximum expression of the folate biosynthetic gene, folC (11, 12) . In fact, data from plasmid constructs suggest that folC may be the last gene in the pdxB-hisT operon (11) .
We wanted to learn the role of pdxB in pyridoxal phosphate biosynthesis and whether pdxB is the first gene in the (1); dsg-1(dedA) (3, 37) ; and dedB(usg) and foiC (12, 37) . The figure is drawn to scale. Reading frames of genes are marked by shaded rectangles, and their functions are described in the text. The full extent of the ORF1 reading frame is based on preliminary data not reported here. The promoters upstream from pdxB (Ppdx), divergent and overlapping Ppdx (Pdi,), and internal to pdxB (Pint) were located in the chromosome by transcript mapping ( The assignment of the translation start of PdxB cannot be made with as great a level of certainty. Figure 3 presents an expanded view of the region at the start of PdxB. The most likely translation starts are the GUG at position 657 or the AUG at position 681, which result in polypeptides with molecular masses of 41,335 (the maximal possible size) or 40,424 daltons, respectively. This range matches the 42-kilodalton molecular mass of PdxB on sodium dodecyl sulfate denaturing gels. There are two additional reasons to favor these possible translation start sites instead of sites further downstream, such as GUG (position 720) (Fig. 3) . First, the alignment between PdxB and SerA seems to begin before the Val residue coded by GUG (position 720), although the alignment in this region is somewhat weak (see below). Second, there is a sequence and a direct repeat [designated by (pdx) and arrows, respectively, the Fig. 3 ] that is also found near the likely translation start of pdxA (40) . The pdxA gene encodes a polypeptide involved in a different branch of pyridoxine biosynthesis that PdxB (40) . Since the pdx sequence is not common in the bacterial database of GenBank, it is possible that this sequence and the direct repeat play a role in translational regulation of pyridoxine biosynthesis; however, this model remains to . 
DNA sequence ofpdxB and predicted amino acid sequence of the pdxB gene product. The DNA sequence was determined by the strategy in the legend to Fig. 1A , and only the DNA strand containing the pdxB-coding strand is shown. The HindlIl site at the start of the sequence is numbered 440 for consistency with our previous restriction map (3) . Evidence that the reading frame from positions 657 through 1790 is pdxB is presented in Results. The Pi,t transcription start site at position 1618, the pdxB-asd'(usg-1) intercistronic region, and the start of asd'(usg-J) were identified earlier (1, 3) . The Ppd. and Pdiv transcription start sites at positions 624 and 596 on the opposite strand, respectively, are based on data presented in Fig. 4 and 5 and are shown in detail in Fig. 3 .
Shine-Dalgarno sequence, although one candidate is marked for the putative GUG (position 657) start (Fig. 3) .
Transcription start ofpdxfB. To determine whether pdxB is the first gene in the operon, we cloned the fragments depicted by lines in Fig. 4 into the promoter expression vector pKK232-8 (13) . We transformed these plasmid constructs into a chloramphenicol-sensitive (Cms) strain, W3110 srl: :TnJO recAl, and selected for the presence of plasmids by resistance to ampicillin on LB medium at 37°C. The resulting strains were then streaked onto LB plates or inoculated into liquid LB medium containing concentrations of chloramphenicol that ranged between 3 and 100 ,ug/ml. Plates or cultures were incubated for 24 to 72 h at 37°C before being scored for resistance to chloramphenicol, which indicates the presence of a promoter in the cloned insert.
Results of resistance to 25 ,ug of chloramphenicol per ml are summarized in Fig. 4 , although consistent results were obtained at other antibiotic concentrations. A promoter is likely present in the 187-base-pair HindIII (position 440)-HpaI (position 627) fragment upstream from pdxB (Fig. 4) . Internal deletion of the HpaI (position 627)-SmaI (position 734) fragment seemed to decrease, but did not eliminate, the activity of this promoter (Fig. 4) ; however, rigorous controls for changes in plasmid copy numbers were not performed. In addition, Fig. 4 clearly shows the presence of a divergent promoter in the Hindlll (position 440)-SmaI (position 734) fragment. In this case, deletion up to the HpaI (position 627) site decreased or eliminated transcription from the divergent promoter (Fig. 4) . Thus, the HindIII (position 440)-HpaI (position 627) fragment contains closely spaced or overlapping divergent promoters. This finding strongly implies that pdxB is the first gene in the pdxB-hisT operon.
We next completed RNase T2 mapping of chromosomal transcripts to locate the transcription start sites from these divergent promoters. In this experiment, we isolated total RNA from a W3110 prototroph strain growing exponentially in LB medium at 37°C, hybridized total RNA to the 32p_ labeled RNA probes depicted in Fig. 1C , treated hybrids with RNase T2, and resolved protected segments on ureaformamide gels as described in Materials and Methods. Results of a typical experiment are presented in Fig. 5 . We used RNA size standards instead of DNA sequencing ladders, because we noticed discrepancies between sizes based on DNA standards and known lengths of certain longer RNA molecules. We detected a single 252-nucleotide protected segment (lane 5) and a closely spaced 157-nucleotide protected doublet (lane 4) corresponding to pdxB and divergent (div) chromosomal transcription, respectively (Fig. 5) . This VOL. 171, 1989 on November 6, 2017 by guest 
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A TA C GGAATAC GGGC GCTGAATAAATC GGCAAACCC ACT CC ACTGGCGCC A AGGGCC C GC result proves that pdxB is indeed the first gene in the complex pdxB-hisT operon. The in vivo transcription start sites indicated by the lengths of the protected segments in Fig. 5 are marked in Fig.  2 and 3 . We estimate that the error in this experiment is ±2 nucleotides. Figure 3 shows that Ppdx and pdiv overlap and share the same -10 region (positions 604 to 610). This placement of Ppdx and pdiv is consistent with the promoter expression vector experiment shown in Fig. 4 . Deletion of the HpaI (position 627)-SmaI (position 734) fragment occurs immediately after the transcription start and removes the translation start of pdxB. This deletion may destabilize the fused pdxB-cat transcript, since it is well known that untranslated stretches of mRNA are often relatively unstable (14) . In the case of the divergent transcript, the HpaI (nucleotide 627) site is in the middle of the -35 region.
Therefore, constructions at this site may reduce or eliminate transcription from pdiv, depending on whether new adjoining sequences can restore the -35 region. Finally, densitometer tracings of lanes 4 and 5 in Fig. 5 indicate that the steadystate levels of transcription from Ppdx or Pdiv were nearly equal in bacteria growing in rich medium at 37°C. This observation again matches results from promoter expression vector experiments, in which similar antibiotic resistance levels were imparted by the presence of Ppdx or Pdiv in pKK232-8 ( Fig. 4 ; data not shown). Other features of Ppdx and pdiv and the region transcribed divergently from pdxB (designated div or ORF1 in Fig. 2, 3, and 4) bases revealed a remarkable number of amino acid identities and conservative matches between the pdxB gene product and D-3-phosphoglycerate dehydrogenase (Fig. 6 ), which is encoded by serA (43, 46) . SerA is a 2-hydroxyacid dehydrogenase that uses NAD+ in the conversion of 3-phosphoglycerate to 3-phosphohydroxypyruvate (Fig. 7) . This reaction is the first step of the major phosphorylated pathway of serine biosynthesis, and bacterial SerA enzymatic activity is subject to allosteric feedback inhibition by L-serine (43, 46) . We used two criteria to verify that the amino acid matches between PdxB and SerA are statistically significant enough to indicate shared ancestry. First, the FASTA algorithm (39) , which flagged the similarity in the first place, gave initial and optimized match scores of 161 and 177, respectively, for the PdxB and SerA polypeptides, whereas the mean initial match score for PdxB and all polypeptides in the NBRF/PIR data base was 34 + 9. Second, we applied the alignment score method, developed originally by Dayhoff and co-workers (19) . In our calculation, the PdxB and SerA sequences were jumbled 100 times, and the comparisons were performed by using the DayhoffMDM-78 matrix, a bias of 60, and a gap penalty of 3. The alignment score for PdxB and SerA was 7.305 (a score of 5 or 3 indicates significant or probable homology, respectively) (22) . In contrast, we compared the sequence of PdxB or SerA to that of histidinol dehydrogenase (HisD), which Jensen speculated might be evolutionarily related to SerA (29) . The alignment scores between PdxB and HisD or SerA and HisD were 0.98 or 0.44, respectively, which does not support Jensen's contention. In summary, these analyses show that PdxB and SerA are evolutionarily related and share a common ancestor. Additional comparisons between the PdxB and SerA enzymes and the pdxB and serA DNA sequences are made in the Discussion.
DISCUSSION
In this paper, we show three interesting features of pdxB, which encodes a protein required for pyridoxine (vitamin B6) biosynthesis. First, pdxB is the first gene in the complex pdxB-hisT operon ( Fig. 1 and 2) . Second, the promoter for pdxB shares its -10 region with an overlapping divergent promoter (Fig. 2 through 5) . In vivo, Ppdx and Pdiv seem to be about equal in strength in bacteria growing exponentially in LB medium (Fig. 4 and 5) . Third, the pdxB gene product is evolutionarily related to the major serine biosynthetic enzyme, D-3-phosphoglycerate dehydrogenase, which is encoded by serA (Fig. 6) .
Divergent, overlapping promoters are often used by pairs of genes that are related by regulation or function (6) . For example, one divergent transcript may encode an enzyme, whereas the other encodes a regulatory protein that acts at the divergent promoter itself. Based on preliminary sequence information that extends about 450 base pairs to the left of the HindIII (position 440) site, the divergent transcript initiated in vivo at Pdiv contains a long open reading frame (ORFi, Fig. 1 and 4) . The putative ORFi polypeptide has an unusual amino terminus that is rich in Pro(P) and Gln(Q) residues (Fig. 3) . However, we presently do not know whether the divergent transcript is actually translated or whether disruption of ORFi affects expression of the pdxB-hisT operon. Ongoing experiments should address these issues.
Examination of the Ppdx and Pdiv promoters suggests that they probably function in a mutually exclusive manner, since both promoters use the same -10 region (Fig. 3) . The promoter region lacks striking dyad symmetries indicative of protein binding sites, although imperfect dyads are centered at positions 603, 618, and 690. The promoter region also contains a dcm DNA methylation site (34) and a sequence similar to an integration host factor binding site (17) (positions 594 through 598 and 658 through 671, respectively; Fig.  3 ), although the significance of these sites in promoter function is unknown.
The evolutionary relationship between PdxB and SerA has several important implications. Since SerA is a 2-hydroxyacid dehydrogenase (46) , then PdxB most likely belongs to this class of enzymes. Several observations support this contention. In their report of the SerA sequence, Tobey and Grant noted that very little sequence similarity has been found among different dehydrogenases (46) , despite the fact that dehydrogenases seem to be ancient enzymes with conserved NAD+ binding, substrate binding, and active sites (9, 10) . Lack of amino acid identities prevented these authors from assigning Asp-X-X-Arg and His sites in SerA as probable substrate-binding and active sites (46) . In addition, they assigned the Gly-X-(Gly or Ala)-X-X-G--20X-Asp sequence found in NAD+-binding sites to positions 18 through 43 (Fig. 6) , even though the His-20 residue does not fit the consensus sequence well (10, 46) .
The general lack of sequence similarity among dehydrogenases makes the homology between PdxB and SerA that much more striking (Fig. 6) , since amino acid matches extend over the whole length of both enzymes (Fig. 6 ). In addition, this comparison suggests possible locations of the NAD+-binding, substrate-binding, and active sites of PdxB and SerA. The sequence suggested by Tobey and Grant as the conserved sequence in the SerA NAD+-binding site may not be correct, because it occurs in an amino-terminal segment that is not conserved between PdxB and SerA (Fig.  6) . Based on our new data, the sequence characteristic of NAD+-binding sites (10) conserved region of the two enzymes (PdxB at position 117 to SerA at position 152, Fig. 6 ). Other possible positions for the conserved sequence in the NAD+ binding site occur in PdxB between residues 63 and 110 (Fig. 6 ). Unlike SerA, PdxB does contain a His-Asp pair found in the active sites of other 2-hydroxyacid dehydrogenases (positions 146 and 174, Fig. 6 ) and a characteristic Asp-X-X-Arg substrate binding motif (positions 146 and 149, Fig. 6 ) (9) . In this regard, the sequence comparison shows that SerA shares these features in a slightly modified form; the His-Asp pair occurs at positions 181 and 210, and the Asp-X-X-Arg substratebinding site is replaced by Asp-X-X-X-Lys at positions 181 to 185 (Fig. 6) . Last, secondary structure predictions for the amino-terminal 150 amino acids of PdxB show the appropriate alternating a-strand and a-helical segments characteristic of the NAD+-binding domain of other oxidoreductases (9, 10) . These combined observations strongly suggest that PdxB is a 2-hydroxyacid dehydrogenase. The latter finding allows us to make a prediction about the reaction catalyzed by PdxB. Despite careful tracer studies by Hill and Spenser and co-workers on pdx mutants isolated by Dempsey, the pathway for pyridoxine biosynthesis remains unknown (reviewed in references 20, 21, and 27). However, these combined biochemical and genetic analyses limit the possible intermediates and suggest some likely candidates for the major pyridoxine pathway. Dempsey suggested that 4-hydroxythreonine is a major intermediate, although the steps leading to this compound were unknown (21) . It is striking that 4-hydroxythreonine and serine are structurally related in that the former compound contains one additional H-C-OH group. It is also noteworthy that the serC gene product, 3-phosphoserine aminotransferase, has long been suspected of playing roles in both serine and pyridoxine biosyntheses (20, 21) . Based on these considerations, we suggest that PdxB carries out a reaction analogous to that of SerA, which converts 3-phosphoglycerate to 3-phosphohydroxypyruvate (Fig. 7) . We propose that PdxB is erythronate-4-phosphate dehydrogenase and catalyzes the conversion of erythronate-4-phosphate to 3-hydroxy-4-phosphohydroxy-a-ketobutyrate (Fig. 7) [21] ) that the environmental supply was sufficient. Later, as the environmental supply of pyridoxine dwindled, part of the phosphorylated pathway of serine biosynthesis was recruited to synthesize precursors of pyridoxine. According to this scheme, minor activities of SerA and SerC led to the synthesis of the pyridoxine precursor 4-hydroxythreonine. Interestingly, even now, an activity of SerA seems to be required for the alternative pathway of pyridoxine biosynthesis detected in pdxB insertion mutants at 30°C (H.-M. Lam and M. Winkler, unpublished data). Eventually, the selective advantage of being able to synthesize pyridoxine de novo led to the duplication of serA and divergence of one copy into pdxB. Sometime in this process, a transposition also occurred so that serA and pdxB were located at different chromosomal positions (63 and 50 min, respectively [5] ). By contrast, SerC already possessed or refined the activities necessary to function in both pathways, and no duplication of serC seems to have occurred.
Several points are noteworthy about this evolutionary scenario. The homology between the serA-and pdxB-encoded polypeptides is much more pronounced than that between the genes themselves. This apparent lack of homology at the nucleotide level is apparent with both FASTA and dot-matrix analyses (data not shown). Nevertheless, the maximum alignment of the pdxB and serA nucleotide sequences is most conserved in the same regions as in the polypeptide alignment (Fig. 6) . Lack of homology at the nucleotide level may partly reflect the distinctly different codon usage in the two genes. The serA gene contains standard codon usage for E. coli, whereas pdxB contains a high proportion of infrequent and rare codons, characteristic of proteins expressed at relatively low levels (1) . Previous minicell experiments are consistent with this codon usage pattern in that the pdxB polypeptide is expressed much less than certain other gene products encoded by the pdxB-hisT operon, such as the asd'(usg-J) polypeptide (3) . In this regard, it is interesting that pdxA also contains many rare or infrequently used codons (40) , which suggests that expression of some pdx gene products might be limited at the translational level by codon usage. Codon usage in bifunctional serC(pdxF) is standard and thus is similar to serA rather than to pdxA and pdxB. One last interesting feature of the nucleotide sequence comparison between pdxB and serA concerns the putative pdx translation-regulatory sequence, which is found near the translation starts of both PdxA and PdxB (see Results) ( Fig. 3) (40) . The pdx sequence occurs in a gap region of the comparison and is not present at all in the serA DNA sequence (data not shown).
Further enzymological characterization is needed to test the postulated role of PdxB in pyridoxine biosynthesis. The findings presented here should be of considerable significance to structure-function studies being carried out on SerA and other 2-hydroxyacid dehydrogenases (41, 46) . In a sense, the PdxB enzyme is a naturally occurring structurefunction variant of SerA. As part of these studies, it will be interesting to learn whether PdxB exists as a multimer and is subject to feedback inhibition by serine or other compounds, like its evolutionary homolog, SerA.
